A library of 15 novel and heretofore uncharacterized adamantyl and noradamantyl phthalimidines was synthesized and evaluated for neuroprotective and anti-angiogenic properties. Phthalimidine treatment in LPS-challenged cells effected reductions in levels of secreted TNF- and nitrite relative to basal amounts. The primary SAR suggests nitration of adamantyl phthalimidines has marginal effect on TNF-α activity but promotes anti-nitrite activity; thioamide congeners retain anti-nitrite activity but are less effective reducing TNF-. Site-specific nitration and thioamidation provided phthalimidine 24, effecting an 88.5% drop in nitrite concurrent with only a 4% drop in TNF-. Notable anti-angiogenesis activity was observed for 20, 21 and 22.
Introduction
Neurons are highly specialized cells that comprise the central nervous system and interact through a series of complex chemical and voltage-dependent signaling motifs. Like all cells, neurons maintain homeostasis through carefully regulated processes that identify and subsequently respond to physiological strains including high biosynthetic or secretory demands, changes in oxidative/nitrosative 1 redox balance, inflammation and aging. In this regard, healthy neurons are typically able to endure episodes of short, intense trauma in addition to periods of lingering, mild stress. However, in the case of vulnerable neurons, the magnitude of such circumstances can promote synapse loss, pruning, cellular dysfunction and even death. 2 Depending on the neuronal population or brain region involved, these actions may lead to neurodegenerative disorders such as Alzheimer's disease (AD), Huntington's disease (HD), Parkinson's disease (PD) and multiple sclerosis (MS). 3 Specific families of proteins, small molecules and biochemical signal-transduction pathways orchestrate these events. For instance, the pro-inflammatory release of tumor necrosis factor-alpha (TNF-α) by microglia can initiate damaging, self-propagating cycles of inflammation if not appropriately regulated in a time-dependent manner. 4 TNF-α levels are found consistently elevated by as much as 25-fold in the cerebrospinal fluid (CSF) of AD patients. 5 In addition, subjects with mild cognitive impairment that progress to develop AD suggest that increased CSF TNF-α levels are an early event, and their rise correlates with disease progression. 6 In a similar fashion, an upsurge of nitric oxide (NO, Figure 1 ) 7 produced by neuronal nitric oxide synthase (nNOS) or inducible nitric oxide synthase (iNOS) in response to traumatic insult and chronic inflammation is perhaps one of the key midstream elements in the evolution of AD, MS and PD. 8 For instance, amyloid-1-40 peptide (A1-40) challenge was sufficient to induce a 50-fold profusion of NOSderived nitric oxide in microglial cells as compared to basal amounts, while simultaneous administration of A1-40 and proinflammatory interferon- effected an even greater 100-fold release. 9 Overproduction of NO has also been associated with increased angiogenesis in tumor lines, leading to expanded vascularization and the progression of certain types of cancer. The mass, degree of vascularization and growth rate of tumors induced by iNOS-clone cell treatment in a population of CD1 nu/nu mice was directly related to NOS-produced NO; combined nitrite/nitrate levels observed in iNOS clones were roughly 70-fold higher at one week relative to wild-type cells, while the resulting tumors in the treated mice were three times heavier at one month and possessed 5-fold more vasculature. 10 Our recent interests on thalidomide analogs effecting anti-inflammatory responses 11 led us to investigate new congeners for desirable neuroprotective properties. To our surprise, a detailed chemical and biological evaluation of substituted N-adamantyl phthalimidines was lacking in the literature. It has been shown that strategic incorporation of adamantyl groups can impart numerous benefits to neuroprotective and anti-inflammatory agents (Figure 2) . 12 The unique hydrophobic structure bestows increased lipophilicity, facilitating traverse across biological membranes such as the blood-brain barrier. In addition, the large rigid, cage-like skeleton often prevents excessive catabolism and can strengthen desirable interactions with CNS targets. For instance, amantadine 1 and memantine 2 have shown promise for the treatment of AD and PD, functioning as N-methyl-D-aspartate receptor antagonists and also by reducing microglia-associated inflammation. 13 The specific size and hydrophobicity imparted by the adamantyl groups are among the key factors in determining the affinity and activity of these ligands. Given the scope of inflammation-associated neurodegenerative disorders coupled with their complicated and potentially intertwined mechanisms of incipience, we set out to develop a series of new chemical entities featuring the substituted N-adamantyl motif and possessing desirable neuroprotective properties. Herein we report the design, synthesis and evaluation of 15 novel and heretofore uncharacterized substituted adamantyl and noradamantyl phthalimidines with nitrite, TNF-α and angiogenesis inhibitory activities.
Results and Discussion

Synthetic chemistry
We constructed our phthalimidines with two key pharmacophores in mind. Initially intrigued by thalidomide analogs with known anti-inflammatory activities, 14 we envisioned each of our new molecules would feature an aromatic isoindolinone framework.
Upon these scaffolds, we would install appropriate adamantyl or noradamantyl moieties, ultimately yielding our family of N-substituted phthalimidines. For compounds 9-13, we utilized a simple one-pot approach. Phthaldialdehyde 8 was combined with various adamantyl or noradamantyl amines to produce the desired products in acceptable yields (Scheme 1). The proposed mechanism of formation is not clear, but is believed to involve a tandem iminium rearrangement and elimination or, alternatively, a [1-5]-H sigmatropic shift. 15 Arylsubstituted phthalimidines 16-22 were prepared using a stepwise process (Scheme 2). Initially, methyl 2-methyl-3-nitrobenzoate 14 was subjected to benzylic radical bromination to generate intermediate 15. 16 Subsequent condensation with the appropriate amines provided the desired nitrated products in satisfactory yields. Catalytic hydrogenation of 20 provided aniline 21. Thioamides 23-25 were obtained from the corresponding parent isoindolinones by treatment with Lawesson's reagent (Scheme 3). A summary of novel phthalimidines is presented in Figure 3 .
NO2and TNF- inhibitory activities
Once we had our phthalimidine library in hand, we set out to evaluate our molecules for anti-TNF- and nitrite activities.
Fortunately, the RAW 264.7 cellular model of inflammation identifying NO2and TNF- inhibitors had been reported and was well established. 17 Inhibitory activities of LPS-induced NO2and TNF- production in RAW 264.7 cells along with cell viability and computed lipophilicity (Clog D value) are shown in Table 1 . 18 The data afforded some notable observations upon first inspection. We were pleased that our compounds were not appreciably cytotoxic, with most retaining >80% cell viability at 30M treatment. It also appeared that polar compounds did not fare particularly well in either assay; even the leading -NH2 and -OH substituted inhibitors reduced nitrite by only 28% (amino compound 21) and TNF- by 20% (hydroxy compound 11). While a few compounds effected moderate reductions of both analytes, TNF- inhibition was clearly less prominent overall. Foremost TNF- inhibitor 13 reduced levels to only 52% of the control (vehicle treatment) value, whereas five phthalimidines diminished nitrite levels below 50%. We also noted that compounds with a Clog D value below 3.0 performed poorly in the nitrite assay, generally failing to curtail levels below 70%. Compound 22 was the sole exception, reducing nitrite to 49% concurrent with a Clog D of 2.79. Conversely, of the ten phthalimidines with Clog D values greater than 3.0, eight reduced nitrite amounts below 60%, and four of these further diminished levels well into the sub-50% range.
When the data was examined more prudently, we became aware of some specific trends in the primary structure-activity relationship. Analysis of a series of phthalimidine and thioamide counterparts revealed the parent amides as superior inhibitors of TNF- production. On average, TNF- levels were decreased to 72%, 55% and 52% with amide congeners 18, 10, and 13, respectively (Figure 4, plot a) . We did not observe any prominent link between thioamidation and nitrite activity. When we investigated the influence of aromatic nitration on TNF- and nitrite activity, we noticed an interesting phenomenon. It was clear that unsubstituted hydro analogs were more effective regulators of TNF- than their corresponding nitro derivatives. (Figure 4, plot b ). For instance, in the case of the 22/13 grouping, nitrated 22 permitted 90% TNF- secretion while hydro compound 13 effected 52% activity. However, when similar phthalimidine pairings were analyzed in the nitrite assay, we discovered an opposing trend. Nitration was clearly beneficial to anti-nitrite activity (Figure 5a) . The effects were quite dramatic in 23/24 and 12/20 where nitrite levels were reduced, on average, from 52% to 11.5% and from 62% to 9.2%, respectively. It should be noted that in regards to 2-adamantyl substrates 12, 20, and 21, the results appear specifically attributable to the nitro group, not manifest by simple or arbitrary substitution at the isoindolinone We also noticed that within groups of structurally related phthalimidines, increasing N-substituent bulk typically resulted in evolution or enhancement of anti-nitrite activity. Taking the form of methyl additions or noradamantyl ring expansions, these steric progressions are clearly reflected in the associated Clog D values (Figure 6 ). For example, in the case of the simple phthalimidines from Group A, noradamantyl 13 possessed a Clog D of 2.88 and effected no detectable change in nitrite while the larger adamantyl 12 registered a modest 62% reading along with a Clog D of 3.51. In the case of groups B and C, it was clear that methylation was well tolerated. While, admittedly, the performance of 9 was not improved significantly upon methylation to 10, it is important to stress that the activity was not compromised. It was quite apparent, however, that methylation enhanced the anti-nitrite activity of 17. While average nitrite was reduced to 55% of control amounts with des-methyl 17, production was curtailed to 35% with corresponding methylated analog 18. Finally, the pattern seen in nitro-substituted compounds from Group D was particularly noteworthy, with ring expansion from noradamantyl 22 to adamantyl entries 16 and 20 having the marked effect of increasing steric bulk and Clog D concurrent with decreasing average nitrite levels from 49% to 40% and 9.2%. Fortunately, these findings parallel and expand upon our earlier premise relating heightened Clog D and general nitrite inhibition.
When considering these observations within the context of the data as a whole, perhaps the most salient finding is that compound 24 effects significant nitrite inhibition but leaves TNF- essentially unperturbed. Analyzed in the logical progression, a focused series of phthalimidines correlates this selective anti-nitrite activity with consolidation of steric bulk, nitration and thioamidation ( Table 2) . The least-encumbered substrates 25 and 13 effected no detectable change in nitrite levels but clearly illustrated that thioamidation enhanced relative TNF- production. As the bulk surrounding the phthalimidine nitrogen was progressively increased from noradamantyl in 13 to 2-adamantyl in 12 through alkyl-adamantyl in 10, TNF- remained approximately 50% of control amounts, while nitrite levels began to decrease steadily. Des-methyl analog 17 reaffirmed that aromatic nitration enhances anti-nitrite activity, notwithstanding the slight decrease in steric bulk. Upon reintroduction of the methyl group in 18, TNF- levels remained elevated but nitrite levels expectedly diminished in accordance with the increased lipophilicity. Ultimately, when appropriate sterics, nitration and thioamidation were united in 24, nitrite levels plummeted to 11.5% while TNF- remained at 96% of the control, notably suggesting that 24 functions as a selective nitrite inhibitor under our assay conditions. This evolution of selective anti-nitrite activity is further illustrated and summarized in Figure 7 . As the progression of compounds unfolds from 25 to 24, the Clog D (represented by the left axis and corresponding to the grey bars) trends upwards. As these values increase, an inflection is reached at compound 10. After this point, the associated analyte levels begin to differentiate and diverge. Quantified by the right axis, TNF- (*) begins to rise while nitrite () begins to fall. When 24 is reached, Clog D is at its pinnacle, TNF- remains high, and nitrite is substantially reduced.
Anti-angiogenesis activity
Given the anti-nitrite characteristics of our novel phthalimidines, we wondered what effect our molecules would have on angiogenesis in a model system. We took advantage of the fli1-EGFP zebrafish embryo model for determining in vivo angiogenic responses. 19 In short, embryos were developed for 24 hours and then exposed to the phthalimidines of interest. During this period, the vasculature grows rapidly, producing new intersegmental vessels (ISVs). After an additional 24 hours of phthalimidine incubation, the zebrafish embryos were anaesthetized and analyzed for phthalimidine-sensitive angiogenic behavior. When compared to the control (vehicle alone) system, anti-angiogenic activity was evidenced by loss of ISVs or relative decreases in ISV outgrowth.
For this preliminary evaluation, we opted for a condensed series of phthalimidines spanning the range of anti-nitrite activity.
We chose molecules affording an extensive selection of functional groups and skeletal backbones while also considering the logical progression and evolution of the anti-nitrite structure-activity relationship ( Table 3 ). Compounds were initially tested at a low dose of 10µg/mL, roughly on par with the 30µM concentrations utilized in the preliminary TNF-/nitrite screen. At first glance, the data appears quite erratic without any particular trends. When vessel length and vessel number are plotted according to increasing antinitrite ability, both parameters seem to fluctuate sporadically (Figure 8) . However, an interesting pattern emerges when the combined data is plotted against Clog D (Figure 9 ). Based upon this focused series of phthalimidines, it appears that compounds at the extremes of Clog D behave unfavorably and in some cases, promote angiogenesis relative to the control. However, there does appear to be an anti-angiogenic sweet-spot localized around Clog D ≈ 2.8, where both vessel length and vessel number converge toward a minimum. In this regard, compound 22 was clearly the most effective molecule studied in this preliminary screen. Interestingly, the selective nitrite efficacy of 24 did not translate into notable anti-angiogenic activity in the zebrafish assay. On the contrary -compound 24 proved no more effective than the vehicle at decreasing vessel length and moderately bolstered vessel number relative to vehicle.
We selected compounds 20, 21, and 22 as the most promising anti-angiogenic candidates and subsequently analyzed each at increasing concentrations for evidence of dose-response behavior. Compound 20 appeared quite toxic, proving lethal to zebrafish at concentrations above 5µg/mL. Phthalimidines 21 and 22 were more well behaved, demonstrating dose-dependent decreases on vessel length for concentrations up to 50µg/mL (Figure 10) . However, beyond this threshold the compounds became exceedingly toxic to zebrafish and we therefore chose to conclude our preliminary screen. When contemplating the anti-angiogenesis data in relation to the nitrite and TNF- results, it is important to place in context the method of compound administration; with in vitro routes, compounds are applied directly to cells, while in the zebrafish embryo model, they are diluted into the tank water. The amount of analyte taken up by the zebrafish embryo is naturally variable, and the associated bioavailability is likely related to the polarity of the compounds in question. It is therefore also reasonable to hypothesize that for a supplied dosage, some phthalimidines are actually more anti-angiogenic than indicated; understandably, the fli1:EGFP assay simply may not translate such heightened effects for substrates of particular lipophilicity. It should be noted, however, that most of the compounds were generally well tolerated in RAW246.7 (see Table 1 ), suggesting that anti-angiogenic activity was likely attributable to selective targeting by our phthalimidines and not derivative of non-specific declines in protein synthesis consequent of drug-induced toxicity. 
Hypothesis on Potential Mechanism of Action
Our preliminary investigations revealed novel adamantyl phthalimidines as molecules with desirable biological properties and possessing noteworthy anti-nitrite activity. Given that cellular nitrite is linked to nitric oxide production and the associated radical pathways, 20 we wondered if our molecules could act as radical scavengers, limiting nitrite by directly intercepting reactive oxygen (ROS) and nitrogen species (RNS). Horvat and colleagues 21 have reported the diradical character and reactivity of activated N-(1adamantylmethyl) and N-(2-adamantylmethyl) phthalimides, and we realized the structural analogies inherent in our own system. We therefore hypothesized that adamantyl phthalimidines might possess two radical-active positions (Scheme 4) . In the top pathway, radical excitation or enzymatic initiation is followed by carbon-carbon bond formation, eventually leading to complex ring-expanded products. The lower pathway highlights adamantyl-type capture of ROS; elimination from Intermediate A provides a high-energy olefin 22 capable of sequestering a variety of reactive species. Such intracellular neutralization of toxic free radicals is often neuroprotective, reducing CNS damage and lowering the risk of cancer and diseases caused by oxidative stress.
Conclusion
Herein we have reported 15 new substituted adamantyl and noradamantyl phthalimidines that demonstrate desirable neuroprotective and anti-angiogenic properties. Through careful and thorough analysis of the associated nitrite and TNF- data, we were able to discern various trends inherit to this focused library, subsequently establishing the framework for a primary structure activity relationship. In the logical progression, site-specific nitration, alkylation and thioamidation provided compound 24, which when dosed at 30 µM, effected an 89% drop in LPS-induced nitrite production concurrent with only a 4% drop in TNF- activity. Subsequent investigations revealed our novel phthalimidines as promising anti-angiogenics with 21 and 22, in particular, demonstrating doseresponse behavior on zebrafish vessel length at concentrations up to 50g/mL. Collectively, these observations prompt further exploration into diversified phthalimidine architecture with the goals of enhancing the SAR, illuminating the underlying mechanisms of action and fostering amelioration of relevant biological activities.
Experimental
General methods for organic synthesis
Melting points ( 4.2. 2, 7 ]dec-1-yl)methyl]-1H-isoindol-1-one (9) White solid (24%, from EtOAc/Hex); mp 148.0-149. 5, 141.4, 132.9, 131.1, 127.9, 123.8, 122.4, 55.8, 54.0, 41.1, 36.9, 36 .0 and 28.4 ppm; MS (CI/CH4), m/z 282 (MH + ); Anal. calcd for C19H23NO1/5H2O: C, 80.07; H, 8.28; N, 4.91. Found: C, 80.08; H, 8.13; N, 4.70. 4.3. 2, 7 ]dec-1-yl)ethyl]-1H-isoindol-1-one (10) White needle crystals (60%, from EtOAc/Hex); mp 185.0-186. 2, 142.4, 132.6, 131.5, 128.2, 123.7, 123.2, 39.3, 37.4, 36.9, 28 .3 and 12.6 ppm; MS (CI/CH4), m/z 295 (M + ); Anal. calcd for C20H25NO: C, 81.31; H, 8.53; N, 4.74. Found: C, 81.01; H, 8.46; N, 4.62. 4.4. 2, 7 ]dec-1-yl)-1H-isoindol-1-one (11) White crystals (41%, from MeOH/CH2Cl2); mp 218.5-219. 9, 140.8, 134.3, 131.0, 127.9, 123.3, 122.4, 69.2, 57.8, 47.7, 44.1, 38.7, 34.9 and 30.8 ppm; MS (CI/CH4), m/z 284 (MH + ); Anal. calcd for C18H21NO21/5H2O: C, 75.34; H, 7.52; N, 4.88. Found: C, 75.38; H, 7.23; N, 4.75. 4.5. 2, 7 ]dec-2-yl)-1H-isoindol- 6, 133.0, 131.0, 127.8, 123.3, 122.4, 58.3, 50.3, 38.2, 37.8, 32.7, 31.7, 27.6 and 27.3 ppm; MS (CI/CH4), m/z 267 (M + ); Anal. calcd for C18H21NO1/10H2O: C, 80.32; H, 7.94; N, 5.20. Found: C, 80.06; H, 7.88; N, 5.03. 4.6. 2, 7 ]non-3-yl)-1H-isoindol-1-one (13) White needle crystals (60%, from MeOH/CH2Cl2); mp 151.5-153.0 o C; 1 H NMR (CDCl3)  7.82 (d, J = 6.9 Hz, 1H, C7-H), 7.50-7.41 (m, 3H, Ar-H), 4.50 (s, 2H, C3-H) and 2.99-1.55 (m, 13H, Norad-H) ppm; 13 C NMR (CDCl3)  168. 9, 141.2, 134.4, 130.8, 127.9, 123.1, 122.4, 67.8, 49.3, 47.6, 43.4, 42.3, 37 .2 and 34.7 ppm; MS (CI/CH4), m/z 253 (M + ); Anal. calcd for C17H19NO1/10H2O: C, 80.03; H, 7.58; N, 5.49. Found: C, 79.99; H, 7.29; N, A mixture of 18.7 g (95.8 mmol) of methyl 2-methyl-3-nitrobenzoate 14, 17.1 g (96.1 mmol) of N-bromosuccinimide and 0.7 g (2.9 mmol) of benzoyl peroxide in 500 mL carbon tetrachloride was refluxed for 20 h. The reaction mixture was cooled and concentrated.
Thereafter, it was precipitated and washed by ethyl ether to afford product 15 ( US 4,678,500 A 1987) . 4.8. 2, 7 ]dec-1-yl)-1H-isoindol-1-one (16) Yellowish solid (54%, from EtOAc/Hex); mp 214.0-215. 143.2, 138.0, 136.5, 129.6, 129.4, 126.2, 56.2, 48.6, 40.0, 36.4, 36.2, 29.7 and 29.6 ppm; MS (CI/CH4), m/z 312 (M + ); Anal. calcd for C18H20N2O31/2H2O: C, 67.27; H, 6.59; N, 8.72. Found: C, 67.18; H, 6.36; N, 8.55. 4.9. 2, 7 ]dec-1-yl)methyl]-1H-isoindol-1-one (17) White crystals (63%, from MeOH/CH2Cl2); mp 178.5-179. 143.2, 137.0, 136.1, 129.9, 129.6, 126.5, 55.9, 54.8, 41.1, 36.8, 36.0, 28.4 and 28.3 ppm; MS (CI/CH4), m/z 326 (M + ); Anal. calcd for C19H22N2O31/2H2O: C, 68.04; H, 6.91; N, 8.35. Found: C, 68.10; H, 6.72; N, 8.15. 4.10. 2, 7 ]dec-1-yl)ethyl]-1H-isoindol-1-one (18) Yellow crystals (42%, by recrystallization with acetone); mp 187.5-188. 2, 143.7, 138.0, 135.8, 130.3, 129.8, 126.8, 39.3, 37.6, 36.8, 28.4, 28.3, 28.2 and 12.5 ppm; MS (CI/CH4), m/z 340 (M + ); Anal. calcd for C20H24N2O3: C, 70.56; H, 7.11; N, 8.23. Found: C, 70.28; H, 6.97; N, 8.15. 4.17. 2, 7 ] 9, 141.6, 140.4, 131.4, 128.3, 124.5, 122.6, 72.3, 58.0, 46.4, 43.3, 40.9, 37 .0 and 34.8 ppm; MS (CI/CH4), m/z 267 (M-2); Anal. calcd for C17H19NS: C, 75. 79; H, 7.11; N, 5.20. Found: C, 75.68; H, 6.96; N, 5.14 Serum, qualified, heat inactivated, #16140-071) with penicillin and streptomycin (Invitrogen, Penicillin-Streptomycin (10,000 U/mL), #15140-122) and were maintained at 37 o C and 5% CO2. The cells were grown to 75% to 85 % confluence on 10 cm plates (Corning-Falcon, #353003) following the protocol described by ATCC. To assess for drug effects on LPS-induced markers of inflammation, namely TNF-alpha protein and nitrite ion levels (NO2 -, a stable end-product of nitric oxide metabolism) cells were seeded into 24 well plates (VWR, #10062-896) at a density of 200 x 10 3 cells per well. On each plate there was one blank well where no cells were added yet culture media in the well was treated similarly to wells with cells (n=1). The blank well media was used for background subtractions for various downstream assays. Twenty-four hours after seeding the plate the seeding media was replaced with fresh media. Two hours after this the cells were exposed to a range of concentrations of drug test-compound(s) dissolved in 100% tissue culture grade dimethyl sulfoxide (DMSO, SIGMA #D2650). Drug stocks were prepared in a 200 times more concentrated stock in DMSO. The final concentration of DMSO added to the cells was 0.5%. The effects of each concentration of drug were assessed in 4 wells per concentration in the 24 well plate (n=3 # -4). On each plate one set of wells were assigned as drug-vehicle controls (i.e. DMSO), one test compound was assessed on one 24 well plate. The drug concentrations used for each test agent were 1, 10 and 30 M and are indicated in the associated figures. One hour after the drugs were added the cells were challenged with lipopolysaccharide (LPS, SIGMA, serotype 055:B5) at a final concentration of 60 ng/ml. Twenty to twenty-four hours after the cells were challenged with LPS the culture media was collected and utilized for the measurement of markers of inflammation.
Enzyme-Linked Immunosorbent Assay for TNF-alpha protein
Media TNF-alpha levels were measured by use of the BioLegend ELISA MAX TM Set Delux ELISA (#430904). The protocol used was that recommended by the manufacturer. In brief a day prior to performing the assay a 96 well plate was coated with a capture antibody directed against TNF-alpha. The following day the assay plate was washed and blocked with the kit blocking agent for 1 hour while being mixed on a plate shaker at 200 rpm (all incubations were mixed at 200 rpm unless stated otherwise). A TNF-alpha protein standard curve was prepared in the assay diluent following the kit instructions and unknown media samples were likewise diluted in the same assay diluent. After blocking, the plate was washed and then both the standards and unknown media samples were added to the plate in duplicate. The standards and unknown samples were incubated for 2 hours. After the incubation the plate was washed and then the biotin labeled detection antibody was added to each well and incubated for a further 1 hour. After this incubation the avidin-HRP conjugate complex was added to each well and incubated for 30 min. The plate was washed and the chromogenic substrate 3,3',5,5'tetramethylbenzidine solution was added to each well. At this point the plate was covered and incubated in the dark for 15 minutes, with no mixing. After 15 minutes the chromogenic reaction was stopped by the addition of 2N H2SO4 and the absorbance was read at 450 nm and for background subtractions at 570 nm, on a SPECTRAmax PLUS plate reader. The absorbances were used to generate a TNF-alpha protein standard curve and the protein levels in the unknown samples were determined using SoftMax Pro V5, Molecular Devices.
Nitrite ion detection in drug treated RAW 267.4 cell culture media
To measure the levels of nitrite ion (NO2 -) we utilized the Griess Reagent System (Promega, Madison, WI, Cat # G2930). The protocol followed was that recommended by the manufacturer, in brief a NO2ion standard curve was prepared in culture media of the same composition to that used for the cell culture study. The concentration range of the standard curve was from 1.5 µM to 100 µM.
Equal volumes (50 µl) of standards and unknown samples were added to clear 96 well plates in duplicate. Then 50 µl of sulfanilamide solution was added to each well and the plate was covered and incubated in the dark for 10 minutes. After the incubation period 50 µl of N-1-napthylethylenediamine dihydrochloride solution was added to each well and the plate was incubated in the dark for a further 10 minutes. After this incubation the plate was read at 550 nm on a SPECTRAmax PLUS plate reader and the absorbances were used to generate a NO2standard curve and the NO2ion levels of the unknown samples are determined using SoftMax Pro V5, Molecular Devices.
Cellular viability assessment of drug treated RAW 264.7 cells
RAW 264.7 cell viability was determined by use of the CellTiter 96 AQueous One Solution Cell Proliferation Assay (Promega, Madison, WI). Changes in cellular health status were determined by use of indirect measures related to the formation of a colored tetrazolium dye product that can be measured spectrophotometrically at 490 nm. An increase in absorbance at 490 nm is indicative of an increase in numbers of healthy cells, similarly a reduction in absorbance is indicative of a reduction of healthy cells.
After the culture media was harvested for use in TNF-alpha and NO2ion assays, the media was replaced with 0.5 ml of fresh media plus 100 µl of the cell viability reaction mixture. After a 20 to 30 minute incubation at 37 o C with 5% CO2 the absorbance at 490 nm was obtained using an infinite M200 PRO plate reader (TECAN, USA).
Statistical Analyses for RAW-derived assays
Data are expressed as a percentage change from the DMSO-vehicle control measurements. Measurements are expressed as mean ± standard errors, where the n number represents the number of wells in a 24 well plate. Due to the presence of one blank control well on each plate, for some drug concentrations the n number is 3 # and not 4. Statistical comparisons were undertaken by use of a One-Way ANOVA with appropriate Bonferroni corrections for multiple comparisons, as required (GraphPad InStat Version 3.05). P values of <0.05 are considered to be of statistical significance.
Zebrafish anti-angiogenesis assays
Zebrafish experiments were performed as previously described in references 13a-b (Beedie et al., 2016 , Mahony et al., 2013 and references 17a-c (Beedie et al., 2015 , Therapontos et al., 2009 , Beedie et al., 2017 .) Briefly, fli1:EGFP zebrafish (Zebrafish International Resource Centre, Oregon, USA) were maintained in aquarium housing at 28C. Zebrafish pairs were mated and embryos were collected. Lines transgenic for GFP were identified using a fluorescent microscope. At 24 hours post fertilization, embryos were manually dechorionated and the zebrafish moved to plates containing the compounds to be tested. Zebrafish were exposed to each compound for 24 hours, at which point they were anaesthetized with 0.1% tricaine. Microscopic imaging under blue fluorescent light was then used to assess vessel development. ImageJ was used to quantify vessel length and number excluding the posterior 5 intersegmental vessels. All animal work was licensed and carried out in accordance with UK Home office and institutional ethical and welfare guidelines.
